10
(NOG). Samples were treated with methanol containing 0.3% H 2 O 2 to eliminate endogenous 136 peroxidase. After blocking with normal serum, sections were incubated with rabbit anti-STRA8 137
(1:2000; Abcam, Cambridge, UK), goat anti-DMC1 (1:500; Santa Cruz Biotechnology, Santa 138
Cruz, CA, USA), rabbit anti-single-stranded DNA (ssDNA, 1:200; IBL, Fujioka, Japan), rabbit 139 anti-SOX9 (1:2000; Merck Millipore, Billerica, MA, USA), rabbit anti-GREM2 (1:50; 140 Proteintech, Chicago, IL, USA), and rabbit anti-NOG (1:450; Abcam) at 4°C overnight. Next, 141 the sections were treated with biotin-conjugated goat anti-rabbit IgG antibodies (SABPO kit; 142 Nichirei, Tokyo, Japan) or with biotin-conjugated donkey anti-goat IgG antibodies (1:100; 143 Santa Cruz Biotechnology) for 30 min at room temperature followed by streptavidin-peroxidase 144 complex (SABPO kit) for 30 min at room temperature. The sections were incubated with 145 3,3′-diaminobenzidine tetrahydrochloride (DAB) solution containing 0.006% H 2 O 2 until the 146 stain developed and then counterstained with hematoxylin. For histological analyses, digital 147 images of each section were acquired using a BZ-9000 microscope (Keyence, Osaka, Japan) . 148 The immunopositive cells were counted in 200-400 tubules per testis using BZ-II Analyzer 149 software (Keyence). 150
151

Histopathology 152
Paraffin sections were prepared from testes fixed in either Bouin's solution or 4% PFA, as 153 described above, for periodic acid-Schiff-hematoxylin or von Kossa staining. For von Kossa 154 staining, 5-µm-thick sections were incubated with 5% silver nitrate solution under direct 155 sunlight for 60 min. The slides were then washed in water, incubated with 5% sodium 156 thiosulfate pentahydrate for 3 min, rinsed, and counterstained for 5 min with nuclear fast red. 157 Seminiferous tubules containing von Kossa-positive mineral deposits were counted in 200-400 158 tubules per testis. 159
160
Reverse transcription and quantitative real-time PCR 161
Total RNA was extracted from whole mouse testes using TRIzol reagent (Life Technologies). 162 Total RNA was then treated with Turbo DNase (Life Technologies) for DNA digestion, and 163 complementary DNA (cDNA) was synthesized via reverse transcription using ReverTra Ace 164 (Toyobo, Osaka, Japan) and oligo-dT (Life Technologies). Quantitative real-time PCR (qPCR) 165 analysis was performed using cDNA, gene-specific primers (Table 1) 
Results
180
The effect of continuous hyperthermia on spermatogenesis in mice 181 To evaluate strain-specific differences in spermatogenesis under experimental 182 cryptorchidism, the weight ratio of the cryptorchid testis to the intact testis and their histological 183 features were investigated at 21 days post-surgery (Fig. 1) . Unlike tubules in the intact testis 184 (Fig. 1A) , germ cell loss was obvious in the cryptorchid testis of C57BL/6 mice, and the 185 seminiferous epithelium consisted of only undifferentiated spermatogonia and Sertoli cells (Fig.  186 1B). In accordance with a previous report (Kon & Endoh 2001) , almost all tubules in the 187 cryptorchid testis of the MRL/MpJ mice contained numerous spermatocytes (Fig. 1C) , while 188 spermatocytes were found to a greater or lesser extent in cryptorchid testes of congenic mouse 189 13 strains ( Fig. 1D-F) . The testicular weight ratio was significantly higher in B6. MRLc1, 190 B6.MRLc1c11, and MRL/MpJ mice than in C57BL/6 mice. Although B6.MRLc11 mice 191 showed a relatively higher testicular weight ratio than C57BL/6 mice, the values were 192 significantly lower than in MRL/MpJ mice (Fig. 1G) (Fig. 4A) . 236 The number of DMC1-positive cells (leptotene and zygotene spermatocytes) 237 transiently decreased in C57BL/6 mice at 24 h after SHS induction compared to untreated 238 controls; however, the other strains did not show a similar significant decrease compared to 239 their respective controls (Fig. 4B) . Of note, DMC1-positive cells significantly increased in 240 B6.MRLc11 and B6.MRLc1c11 mice testes until 72 h after SHS induction compared to 241 untreated controls (Fig. 4B) . However, in all strains, including B6.MRLc11 and B6.MRLc1c11, 242 a significant loss of DMC1-positive cells was observed at 10 days after SHS induction. Similar In accordance with our previous studies, upon long-term follow-up analysis after SHS 249 induction, C57BL/6 and MRL/MpJ mice developed remarkable testicular calcification (Fig. 5) . 250 von Kossa-positive testicular calcification initially appeared at 72 h to 10 days after SHS 251 induction, and staining became obvious at 20 days after SHS induction in C57BL/6 and 252 MRL/MpJ mice (Fig. 5A , B, and F). In contrast, in all congenic strains, calcified tubules were 253 barely detectable, and partial recovery of spermatogenesis was observed at 20 days after SHS 254 induction ( Fig. 5C-F) . Moreover, the onset of calcification was significantly inhibited in all 255 congenic strains compared with C57BL/6 mice throughout the observation period. Although 256 calcified tubules were frequently observed in MRL/MpJ mouse testis at 60 days after SHS 257 induction, the incidence rate was significantly lower in MRL/MpJ mice than in C57BL/6 mice. 258 To assess damage to the seminiferous epithelium induced by SHS, the number of 259 Sertoli cells was evaluated by immunohistochemical analysis of SOX9, a Sertoli cell marker 260 (Fig. 6) . The number of SOX9-positive cells in C57BL/6 and MRL/MpJ mice significantly 261 decreased beginning 20 days after SHS induction, coincident with the abrupt onset of 262 calcification (Fig. 6G) . Despite the inhibition of calcification, the number of SOX9-positive 263 cells in B6.MRLc1 mice significantly decreased at 60 days after SHS induction. Furthermore, 264 detachment of Sertoli cells from the basement membrane was frequently observed in the tubules 265 of C57BL/6, MRL/MpJ, and B6.MRLc1 mice at 60 days after SHS induction (Fig. 6B-D,  266 arrows). In contrast, although some tubules in B6.MRLc11 and B6.MRLc1c11 mouse testes 267 contained detached Sertoli cells at 60 days after SHS induction ( Fig. 6E and F, arrows) , the 268 number of SOX9-positive cells significantly increased at 10 days or 10-60 days after SHS 269 induction, respectively (Fig. 6G) . 270
271
The expression of calcification-related factors in mouse testes exposed to transient heat 272 stress 273 Previously, we reported that the activities of bone morphogenic protein 2 (BMP2) and 274 GREM2, an endogenous BMP antagonist, correlated with the incidence of heat-induced 275 testicular calcification (Chihara et al. 2014) . Because Grem2 localizes at 81.08 cM on murine 276
Chr 1, we focused on Nog, which encodes another cytokine that inhibits the BMP2 activity and 277 localizes at 54.34 cM on murine Chr 11 (Pardali & Ten Dijke 2012) . Compared to untreated 278 control testes, Bmp2 mRNA expression tended to increase in testes of all strains at 10 days after 279 18 SHS induction (i.e., during early onset testicular calcification in C57BL/6 and MRL/MpJ mice) 280 (Fig. 7A) . In contrast, Grem2 mRNA levels were significantly higher in B6.MRLc1 and 281 B6.MRLc1c11 mice than in C57BL/6 mice at 10 days after SHS induction (Fig. 7B) . 282 Furthermore, Nog mRNA levels were significantly higher in MRL/MpJ, B6.MRLc11, and 283 B6.MRLc1c11 mice than in C57BL/6 mice at 10 days after SHS induction (Fig. 7C) . Notably, 284 mRNA expression levels of Grem2 and Nog were also significantly higher in the untreated 285 testes of congenic strains carrying MRL/MpJ-derived loci on Chrs 1 and 11 compared to 286 C57BL/6 mice ( Fig. 7B and C) , indicating a genetic difference in their expression. 287 We next analyzed the expression and localization of GREM2 and NOG proteins by 288 immunohistochemistry at 10 days after SHS induction (Fig. 7D) . Consistent with the qPCR 289 results, GREM2 protein expression was weak in the seminiferous tubules of C57BL/6, 290 MRL/MpJ, and B6.MRLc11 mice. In contrast, more intense GREM2 expression was observed 291 as granular cytoplasmic aggregates in Sertoli cells of B6.MRLc1 and B6.MRLc1c11 mice at 10 292 days after SHS induction (Fig. 7D, arrows) . Similarly, although NOG expression was weak in 293 the seminiferous tubules of C57BL/6 and B6.MRLc1 mice, increased granular expression was 294 detected in Sertoli cells of MRL/MpJ, B6.MRLc11, and B6.MRLc1c11 mice (Fig. 7D,  295 arrowheads). 
Sensitivity of spermatogenesis to transient hyperthermia in mice 320
In the present study, we investigated the time-dependent effects of SHS induction on 321 spermatogenesis in C57BL/6 mice, MRL/MpJ mice, and the three additional congenic strains. 322
Consistent with previous reports (Paul et al. 2008; Paul et al. 2009; Chihara et al. 2014) , 323 significant germ cell loss due to apoptosis was observed in the days following SHS induction. 
The onset of testicular calcification after transient hyperthermia in mice 334
In the present study, although testicular calcification was not readily observed after 335 experimental cryptorchidism of all strains, there were strain differences in the incidence of 336 testicular calcification after SHS induction. These results might reflect differences in the 337 damage induced to seminiferous epithelium between continuous and transient hyperthermia. At 338 present, the etiology of testicular calcification is unclear. However, it has been suggested that 339 extensive germ-cell degeneration is involved (Nistal et al. 1979; Vegni-Talluri et al. 1980; 340 O'Shaughnessy et al. 2009; Kyrönlahti et al. 2011; Chihara et al. 2013; Chihara et al. 2014) . 341 Analysis of multiple mouse strains has shown that there may be a genetic basis for susceptibility 342 to heat-induced testicular calcification. Both C57BL/6 and MRL/MpJ mice were suggested to 343 have precipitating factors that led to testicular calcification (Chihara et al. 2014) . In accordance 344 with our previous result, B6.MRLc1 mice showed significantly decreased instances of testicular 345 calcification after SHS induction. Thus, one of the genes that predisposes for calcification could 346 localize on the 67.97-81.63 cM region of murine Chr 1. Previously, we identified 347 MRL/MpJ-derived Grem2, which localizes at 81.08 cM on Chr 1, as a candidate factor for 348 inhibition of calcification (Chihara et al. 2014) . GREM2 is a cytokine that acts as an shown are the mean ± SE. *P < 0.05 versus C57BL/6 mice at the same time point, as 515 determined by one-way ANOVA followed by Dunnett's test. Values shown are the mean ± SE. *P < 0.05 versus strain-matched controls, as determined by 550 one-way ANOVA followed by Dunnett's test. 
